Accumulation of DNA damage deriving from exogenous and endogenous sources has signifi cant consequences for cellular survival, and is implicated in aging, cancer, and neurological diseases. Different DNA repair pathways have evolved in order to maintain genomic stability. Genetic and environmental factors are likely to influence DNA repair capacity. In order to gain more insight into the genetic and environmental contribution to the molecular basis of DNA repair, we have performed a human twin study, where we focused on the consequences of some of the most abundant types of DNA dam age (single strand breaks), and some of the most hazardous lesions (DNA double strand breaks). DNA damage signaling response (Gamma H2AX signaling), relative amount of endogenous damage, and DNA strand break repair capacities were studied in peripheral blood mononuclear cells from 198 twins (94 monozygotic and 104 dizygotic). We did not detect genetic effects on the DNA strand break variables in our study. Environ. Mol. Mutagen. 54:414 420,
INTRODUCTION
Constant exposure to endogenous and exogenous agents induces damage to the cellular macromolecules including DNA. Many types of DNA lesions can cause genomic instability. Endogenous metabolic by-products frequently damage DNA but a broad range of DNA-damaging agents are also present in our environment including radiation from sunlight and radon, food mutagens, industrial chemicals, and cigarette smoke. The majority of DNA lesions are removed by the DNA repair mechanisms, and genomic stability is thereby maintained. Inefficient DNA repair may cause DNA damage accumulation, mutations, and cellular dysfunction, which is associated with cellular senescence, aging, cancer, and neurodegeneration [Jeppesen et al., 2011; Wolters and Schumacher, 2013] .
DNA single-strand breaks (SSBs) are some of the most abundant DNA lesions, and DNA double-strand breaks (DSBs) are among the most lethal. Thus, effective repair mechanisms for these specific lesions are essential for genomic stability. DNA lesions derived from endogenous cellular metabolism are removed through the base excision repair (BER) pathway, including SSB repair (SSBR). Nucleotide excision repair (NER) is the pathway by which helix distorting DNA lesions are repaired.
DSBs are especially harmful, because they can lead to genome rearrangements. Immediately after DSB formation the histone protein H2AX is phosphorylated at serine 139 (g-H2AX), which accumulates in the chromatin around the break as a DSB signaling response. Two major DSB repair (DSBR) mechanisms exist, they are nonhomologous end joining (NHEJ) and homologous recombination (HR). Briefly, NHEJ proteins recognize DSBs and form complexes on both sides of the DSB, and the DNA ends are processed and finally ligated. HR uses homologous sequences in sister chromatids to repair DSBs, especially those formed at collapsed replication forks. The error-free HR is active in the S and G 2 phases of the cell cycle, whereas the error-prone NHEJ operates throughout the cell cycle [Kavanagh et al., 2013] .
Monozygotic (MZ) twins derive from the same zygote and share all genetic material, whereas dizygotic (DZ) twins like ordinary siblings, share on average 50% of their segregating genes. In addition, twins also share early environmental factors. The classical twin study is based on the fact that MZ twins are genetically matched and relies on the assumption that intrapair MZ discordance in traits is attributed to environmental factors. In contrast, differences in both genetic and environmental factors influence DZ twins; hence, substantial influence from genetic factors on a trait is detectable as a greater MZcompared to DZ similarity [Jinks and Fulker, 1970; van Dongen et al., 2012] . By twin studies, the variance of a trait can be divided into additive genetic-(A), dominance genetic-(D), shared environmental-(C), and nonshared environmental (E) effects. Additive genetic influence is the sum of effects of the individual alleles at all loci that influence the trait, whereas dominant genetic effects represent interaction between alleles at the same locus or different loci. Family members are exposed to shared environmental effects whereas nonshared environmental influences reflect differences among family members.
Several reports have investigated DNA repair in human populations; however, only few in twin populations. Twin studies reporting heritability estimates on DNA repairrelated parameters have mostly indicated high genetic contribution for measures like micronucleus frequency, mutagenic sensitivity, and apoptotic-and cell cycle response to ionizing radiation [Camplejohn et al., 2006; Wu et al., 2006; Finnon et al., 2008; Surowy et al., 2011] .
Twin studies estimating heritability of the capacity to repair specific DNA lesions are lacking. This may be due to limited availability of high-throughput methods for functional studies on DNA repair. Investigations of DNA repair factors in population studies have often included relatively few study participants resulting in low statistical power. Thus, we aimed to increase the statistical power by investigating a total of 198 twins (94 MZ and 104 DZ) from the Danish Twin Registry [Skytthe et al., 2013] . In this twin study, we investigated the influence of environmental and genetic factors on the DNA-strand break repair parameters, namely, endogenous SSB level, SSBR capacity, g-H2AX response, and DSBR capacity in human peripheral blood mononuclear cells (PBMCs).
MATERIALS AND METHODS

Study Population
The study sample (n 198) comprised participants from the Danish Twin Registry, which is a nationwide, population based registry [Skytthe et al., 2013] . Only complete twin pairs were included in this analysis. Zygosity of the twin pairs was established through a questionnaire on the degree of similarity between twins in a pair [Christiansen et al., 2003] . Since the 1960s, selected cohorts from the registry have partici pated in questionnaire and survey studies. In the period 2008 2011, whole blood from randomly selected twins was collected. PBMCs were isolated according to the manufacturer's protocol (BD VacutainerV R CPT TM , REF 362761) and cryopreserved. The Science Ethics Committee of Southern Denmark has approved the study (Project number S VF 19980072).
Analysis of DNA Damage and Repair Parameters in PBMCs
The methodology for the analysis of DNA damage and repair param eters was described in detail and graphically explained previously [Garm et al., 2013] .
In short, Fluorimetric Detection of Alkaline DNA Unwinding (FADU) was performed in order to measure the level of endogenous strand breaks and DNA repair capacity in PBMCs 40 min after DNA damage induction by 3.8 Gy X ray [Moreno Villanueva et al., 2009; Garm et al., 2013] . By using a modified neutral comet assay g irradiated cells (6 Gy, Cs 137 source, 3 hr recovery) were analyzed for the capacity of repairing primarily induced DSBs [Garm et al., 2013] . The g H2AX response to induced DSBs (6 Gy, Cs 137 source, 1 hr incuba tion) was measured by flow cytometry [Muslimovic et al., 2008; Garm et al., 2013] .
In order to minimize experimental variability, the same investigator performed all analyses. The only selection criterion was zygosity status, in order to include similar numbers of MZ and DZ twin pairs. We aimed for similar batch effects among MZ and DZ twins by analyzing approxi mately equal numbers of MZ and DZ twin pairs in each batch. Both twins in the pairs were analyzed in the same batches. The FADU data was presented as mean of four replicates, comet data as mean of 60 100 cells, and flow cytometric data was based on a minimum of 50,000 cells. The sample material did not allow additional replicates. Reported coeffi cients of variance (CV) were based on minimum 10 replicates of an internal control sample, which was used for standardization of data from different batches.
Analysis of Twin Similarity
A classical twin study approach was performed by analyzing MZ and DZ twins. Intraclass correlations (ICCs) were estimated using a Random ML regression approach (using Stata version 11.2). We included age and gender as covariates. To estimate the relative contribution of genetic and environmental factors to the DNA repair parameters, we performed a biometrical genetic analysis using model fitting heritability [Rijsdijk and Sham, 2002] . The total variance was assumed to comprise A, D, C, and E effects. The effects of D and C cannot be simultaneously esti mated because they are confounded. Therefore, ACE, ADE, AE, CE, and E models were fitted and compared by Akaike's Information Criterion (AIC) and by likelihood ratio testing. Lowest AIC was used to determine which of the nonnested models had the best fit, whereas chi squared likeli hood ratio testing was used to select the best fitting nested model, that is, the most parsimonious model was chosen if the P value of the v 2 test was greater than the significance limit; 0.05. The variance components of the different DNA repair parameters were derived from the best fitting model using the statistical program R (Version 2.14.2) and the mets (Analysis of Mulitvariate Event Times) package (Version 0.1 8).
RESULTS
Descriptive Statistics
Similar numbers of MZ and DZ twin pairs were included in this study and characteristics of the study Correlation plots stratified by zygosity were used in order to compare twin similarity between MZ and DZ twins for endogenous SSB levels ( Fig. 1A and B) and SSBR capacity (Fig. 1C and D) . The within-twin pair similarity for MZ and DZ pairs separately is reported as age-and gender-adjusted ICC coefficients in Table II Similarly, zygosity stratified correlation plots were presented for DSBR capacity in Figure 2A and B and for the g-H2AX response in Figure 2C and D. We identified moderate and high ICCs, respectively, for these two parameters. Both DSBR capacity and g-H2AX response showed slightly higher MZ ICCs [DSBR capacity: MZ ICC 5 0.41 (P <0.01); g-H2AX response: MZ ICC 5 0.68 (P <0.01)] compared to DZ correlations [DSBR capacity: DZ ICC 5 0.34 (P <0.01); g-H2AX response DZ ICC 5 0.58 (P <0.01)] (Table II) , which might indicate a moderate genetic effect on the DSB parameters.
Heritability Estimates
In order to test causal relations between the investigated DNA-strand break parameters and genetic and environmental factors structural equation analysis was performed. Age-and gender-adjusted estimates for the proportion of the variance explained by shared environment and nonshared environment are presented in Table  III . For all DNA repair parameters, except for SSBR, the best-fitting biometrical model was the CE model, indicating the presence of common environmental factors and nonshared environmental factors in the variance in the DNA-strand break parameters. The best-fitting model for SSBR was the E model indicating that nonshared environmental factors account for the observed variance. These findings indicated no heritability in the analyzed DNAstrand break parameters, because A or D were not included in the best-fitting biometrical model. The estimates for shared environment (C) were in the range of 0.21 0.57, and the estimates for nonshared environment (E) were between 0.32 and 0.79.
DISCUSSION
In this twin study, we analyzed DNA repair mechanisms important for maintenance of genomic stability in order to better understand the individual variance in DNA repair. Heritability studies of DNA repair parameters estimate to which extent DNA repair is under genetic and/or environmental control. This information is central for future studies focusing on functional heritable genetic variation or environmental factors that cause differences in DNA repair between individuals. A better understanding of the heritability of DNA repair has the potential to increase our knowledge of the molecular processes of aging and a number of diseases, expected to be associated with DNA repair.
The best-fitting biometric models indicate that the variance of SSBR was because of nonshared environmental (E) factors, whereas the level of endogenous SSBs, g-H2AX response, and DSBR capacity can be accounted for by both common environmental (C) factors and nonshared environmental (E) factors. Inevitably, all experimental data are affected by sources of error. Thus, experimental variability of the methods used for analyzing DNA repair parameters may have influenced the heritability estimate and is a major concern in these kinds of studies. The interassay CV were generally acceptable (CV <15%) for endogenous SSB detection, SSBR-, and DSBR capacity; however, the H2AX phosphorylation assay resulted in higher interassay variability (CV 5 28.3%). This variability was corrected for by normalizing to internal control samples. Experimental variation observed across multiple batches complicated the task of combining data from different batches [Leek et al., 2010; Garm et al., 2013] . Unexpectedly, MZ and DZ twins showed high ICC for DSB repair and g-H2AX response. Both twins within the twin pairs were analyzed in the same batches, which may inflate the twin correlations [Bischoff et al., 2005] , and hence overestimate the C estimates that were considerable for g-H2AX response and DSBR capacity. Similarly, co-twins were analyzed pairwise in the FADU assay, but the twin correlation was not inflated because of considerably smaller batch effects compared to the DSB parameters. Genetic factors were not identified to contribute to the interindividual variance observed in the DNA-strand break parameters. However, we had expected some influence of genetic components on the DNA repair measures because we previously found SNPs in genes coding for DNA repair gene products to be associated with longevity [Soerensen et al., 2012] . Individual differences in DNA repair may be affected by genetic factors in the whole population, but we may not have been able to detect it in this twin study because of the effect of environmental factors, measurement errors, and batch effects. Gene environment interactions may complicate the determination of specific genetic and environmental effects and are of concern in twin studies [Hoover, 2000; Kaprio, 2012] . However, gene environment interactions are beyond the scope of this study because of the observation of no genetic component.
Genetic differences might only affect specific DNA repair pathways other than strand break repair. Nevertheless, our data indicated that environmental components contribute more to DNA-strand break parameters than genetic components. Fig. 2 . Correlation plots for DSB repair (circles) and g H2AX response (triangles) stratified by zygosity. The DSB repair and g H2AX response data was normalized as described to an internal control. Data for one twin of a pair (Twin 1) was plotted against the co twin (Twin 2) as in Figure 1 . Interclass coefficients (ICC) are presented for each plot (signifi cance level: *P < 0.05, **P < 0.01). A, DSB repair MZ; B, DSB repair DZ; C, H2AX phosphorylation MZ; D, H2AX phosphorylation DZ.
Whereas no genetic component was identified for these specific DNA-strand break repair parameters within the investigated age span, genetic factors could potentially affect DNA-strand break repair at old age. This scenario was observed for longevity where minimal genetic influence on longevity was identified prior to age 60, but genetic factors for survival were demonstrated to be increasingly important at old age [Hjelmborg et al., 2006] . Similarly, genetic factors may contribute to DNAstrand break repair at old age. However, it is beyond the limits of this study to determine this because of a limited number of 60-plus year old study participants.
A recent review, focusing on stress-induced effects on genomic instability, highlighted that the genome is more sensitive to the environment than previously anticipated [Fonville et al., 2011] . Environmental stressors such as toxins, irradiation, inflammation, and nutritional factors are suggested to induce changes to the genome. DSBs are particularly mutagenic and a balance between the error-free HR and the errorprone NHEJ has been suggested to exist [Kavanagh et al., 2013] . If environmental factors regulate the activity of DSBR capacity or the balance between the DSBR sub-pathways, it could lead to increased mutations, and genomic instability.
The radiation dose used in this study was chosen to allow functionality of the molecular assays and was similar to what has been used in other studies [Muslimovic et al., 2008; Trzeciak et al., 2008; Moreno-Villanueva et al., 2009] . While the doses used may be considered high in relation to physiological and environmental exposures this level of damage is efficiently repaired in mammalian cells [Torudd et al., 2005] and thus are suitable for our study.
Twin studies on the repair of specific DNA lesions have not previously been performed, but primarily high heritability estimates have been reported for mutagen sensitivity, micronucleus frequencies [Surowy et al., 2011] , cell cycle and apoptotic response [Camplejohn et al., 2006; Finnon et al., 2008] , chromosomal radiosensitivity [Borgmann et al., 2007; Curwen et al., 2010] , and chromosomal damage [Tedeschi et al., 2004] . Mutagen sensitivity, an indirect measure of the repair capacity of various types of DNA damages have been suggested to be highly heritable [Wu et al., 2006] . Our study deviated from the study of Wu and co-workers as we performed direct analysis of DNA-strand break repair parameters. This may explain the discrepant findings. Several of the above-mentioned studies included few study subjects, with less than 20 twin pairs in either MZ or DZ groups, which could result in amplified random effects. In contrast, our current study included a high number of twins in order to obtain heritability estimates by biometric modeling of variance components. Notably, in addition to the limited statistical power in these related studies, other critical aspects should be mentioned, especially high ICCs above 0.9 [Borgmann et al., 2007] and CVs exceeding 30% [Curwen et al., 2010] .
In conclusion, we were not able to detect any influence of genetic factors on the DNA-strand break parameters in the age span investigated. Our findings suggest that future studies on DNA-strand break repair modulation should further explore the impact of various environmental factors. Importantly, heritability of other DNA repair pathways (e.g., NER and BER) should also be explored.
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